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Electromagnetic fields carry momentum, which
upon reflection on matter, gives rise to the ra-
diation pressure of photons [1]. The radiation
pressure has recently been utilized in cavity op-
tomechanics for controlling mechanical motions
of macroscopic objects at the quantum limit [2].
However, because of the weakness of the interac-
tion, attempts so far had to use a strong coherent
drive to reach the quantum limit [3–8]. There-
fore, the single photon quantum regime, where
even the presence of a totally off-resonant sin-
gle photon alters the quantum state of the me-
chanical mode significantly, is one of the next
milestones in cavity optomechanics [2]. Here we
demonstrate an artificial realization of the radi-
ation pressure of microwave photons acting on
phonons in a surface acoustic wave resonator.
The order-of-magnitude enhancement of the in-
teraction strength originates in the well-tailored
strong second-order nonlinearity of a supercon-
ducting Josephson-junction circuit [9]. The syn-
thetic radiation pressure interaction adds a key
element to the quantum optomechanical toolbox
and can be applied to quantum information in-
terfaces between electromagnetic and mechanical
degrees of freedom.
The radiation pressure is one of the fundamental con-
cepts in cavity optomechanics [2]. It arises from the
frequency shift of the optical (or electrical) resonator
depending on the displacement of the mechanical sys-
tem. The associated interaction energy is proportional
to the acoustic field amplitude and to the square of the
electromagnetic field amplitude. This second-order non-
linearity is the essential feature of the radiation pres-
sure interaction. Even though the interaction is rather
weak at the single-photon level, one can apply a strong
drive field to enhance the effective coupling strength to
reach the quantum regime [3, 6]. Based on this interac-
tion, ground-state cooling and quantum state control of
mechanical oscillators have been reported on suspended
membranes [3–5], phononic crystal cavities [6–8], micro-
toroidal resonators [10], and bulk oscillators [11].
The single-photon quantum regime is reached when the
radiation pressure is strong enough to overcome other
dissipations in the system [2], where the quantum state
of the mechanical mode is coherently controlled by the
quantum electromagnetic field. However, such a strong
radiation pressure interaction has been elusive in optome-
chanical systems studied so far, though there are a few
experiments approaching this regime [12, 13].
Recently, surface acoustic waves (SAW) have attracted
much interest as an alternative quantum acoustic mode
localized at the surface of a substrate [14, 15]. In piezo-
electric materials, SAW strongly couple to electric fields
between surface electrodes. Their low-loss and small-
wavelength features have been commercially applied to
compact high-frequency components such as filters and
sensors [16]. In the quantum limit, the small mode vol-
ume of a SAW resonator also enhances the coupling
strength between photons and phonons. Hybrid sys-
tems with a superconducting qubit were recently demon-
strated [17–21], where the Jaynes-Cummings-type inter-
action between the superconducting qubit and the SAW
resonator phonons was used. However, a nonlinear in-
teraction, such as the radiation pressure interaction, has
not been implemented in those systems.
To achieve the single-photon quantum regime with a
radiation pressure interaction, we introduce an artificial
optomechanical system consisting of a SAW resonator
and a superconducting circuit. Superconducting circuits
with Josephson junctions are known to be a versatile plat-
form to engineer a strong nonlinearity with negligible dis-
sipation [9, 22–24]. Here we exploit the nonlinearity of
Josephson junctions and synthesize a strong second-order
nonlinearity in the hybrid system.
Our hybrid system is composed of a Fabry-Pe´rot-type
SAW resonator, defined by a pair of Bragg mirrors, and
a nonlinear microwave (MW) resonator (Fig. 1a). They
are coupled to each other via an interdigitated trans-
ducer (IDT) through the piezoelectric interaction. All
the structures are made of aluminum evaporated on a
ST-X quartz substrate (See the details in the Supple-
mentary Information [25]).
The nonlinear MW resonator consists of a short copla-
nar waveguide connected to the IDT on one end. On
the other end it is grounded via a loop interrupted by
one small and two large Josephson junctions with the
Josephson energies E′J and EJ, respectively. The circuit
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FIG. 1: SAW-MW hybrid system for artificial radiation pressure interaction. a. Schematic of the SAW optomechan-
ical system. A SAW resonator defined by Bragg mirrors (red) couples to a nonlinear MW resonator (green) via an interdigitated
transducer. A SNAIL loop consisting of three Josephson junctions works as a nonlinear inductive element. Ports 1 and 2 are
external feed lines for the MW resonator, and port 3 is that for the SAW resonator having a spatial mode shown in yellow.
b-d. False-colored micrographs of the sample. The colors of the electrodes correspond to the ones in the schematic in a.
c. Magnification of the SNAIL part. The three junctions form the SNAIL loop. d. Zoom-up of a part of the SAW resonator
and the interdigitated transducer. e. Calculated nonlinearity of the MW resonator as a function of the magnetic flux Φ pene-
trating through the SNAIL loop. Blue (red) curve represents the self-Kerr (Pockels) nonlinearity α (β) of the MW resonator.
f. Calculated strength g0 of the artificial radiation pressure interaction induced by the nonlinearity of the SNAIL. g. Spectrum
of the nonlinear resonator as a function of Φ measured with a weak MW probe whose average intra-resonator photon number
is much less than unity. Vertical dashed lines in e-g indicate flux bias conditions where the self-Kerr nonlinearity vanishes in
numerical simulations.
element is called the Superconducting Nonlinear Asym-
metric Inductive eLement (SNAIL) [9]. The SNAIL has
the inductive energy
U(θ) = −E′J cos θ − 2EJ cos
(
φ− θ
2
)
, (1)
where θ is the superconducting phase across the small
junction, φ = 2piΦ/Φ0 is the reduced magnetic flux, Φ
is the flux threading the loop, and Φ0 = h/2e is the
flux quantum. The SNAIL capacitively shunted with the
coplanar waveguide forms the nonlinear MW resonator,
whose Hamiltonian reads (with ~ = 1)
Hˆm = ωmaˆ
†aˆ+ α0aˆ†aˆ†aˆaˆ+ β(aˆ†aˆ†aˆ+ h.c.). (2)
Here aˆ (aˆ†) is the annihilation (creation) operator of a
photon in the MW resonator, and ωm is the resonance
frequency. The terms with coefficients α0 and β represent
the nonlinearities of the resonator corresponding to the
self-Kerr and Pockels effects, respectively.
The Hamiltonian of the hybrid system consisting of the
MW and SAW resonators is written as
Hˆ = Hˆ0 + Vˆ , (3)
where
Hˆ0 = ωmaˆ
†aˆ+ ωsbˆ†bˆ, (4)
and
Vˆ = α0aˆ
†aˆ†aˆaˆ+ β(aˆ†aˆ†aˆ+ h.c.) + g(aˆ†bˆ+ aˆbˆ†). (5)
Here bˆ (bˆ†) is the annihilation (creation) operator of a
phonon in the SAW resonator, ωs is the resonance fre-
quency, and g is the piezoelectric coupling strength be-
tween the SAW and MW resonators. By treating Vˆ as a
perturbation (See the details in the Supplementary Infor-
mation [25]), we obtain the effective interaction Hamil-
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FIG. 2: Nonlinearity of the MW resonator. a. Self-Kerr
nonlinearity α as a function of the flux through the SNAIL
loop. Inset shows the enlarged view around Φ = Φα=0. b. Ab-
solute value of the Pockels nonlinearity |β| as a function of the
magnetic flux bias. The curve in each panel shows the result
of the numerical simulation without any fitting parameters.
Green dashed lines indicate Φ = 0.445Φ0 = Φα=0.
tonian
Vˆeff =
(
α0 − 3β
2
ωm
)
aˆ†aˆ†aˆaˆ−
(
2gβ
ωm − ωs
)
aˆ†aˆ(bˆ† + bˆ),
≡ αaˆ†aˆ†aˆaˆ+ g0aˆ†aˆ(bˆ† + bˆ), (6)
under the rotating-wave approximation. This derivation
is valid when {ωm, ωs, ωm − ωs}  {|α0|, |β|, |g|} and
ωm  ωs are satisfied. The second term on the right
hand side represents an artificial radiation pressure in-
teraction analogous to the Pockels effect. On the other
hand, the undesired first term corresponds to a self-Kerr
nonlinearity, which can be eliminated by finding exper-
imental conditions where α vanishes. As we will show
later, this condition could mitigate the saturation effect
and provide a full functionality of the realized artificial
radiation pressure.
Figure 1e shows the calculated strengths of the self-
Kerr nonlinearity α and Pockels nonlinearity β for the
parameters of our sample. Notably, α vanishes at cer-
tain flux bias conditions Φ = {Φα=0,Φ0−Φα=0} mod Φ0
(vertical dashed lines in Figs. 1e-g). The second term of
the interaction Vˆeff has the form of the canonical radi-
ation pressure interaction proportional to β. In canoni-
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FIG. 3: Strong artificial radiation pressure. a. Normal-
ized output power of the MW signal coherently up-converted
from the SAW excitations as a function of the detuning of
the SAW drive frequency (dots). Three datasets are for dif-
ferent drive powers represented by the average number, nd,
of drive photons in the MW resonator. Dashed curves are
the results of fittings with a sum of three Lorentzians in the
complex plane. The left-most peak is from the fundamental
transverse mode of the SAW resonator, while the two other
peaks are due to higher-order transverse modes. b. Cooper-
ativity C = ndC0 as a function of the drive photon number
nd. White area corresponds to the single photon quantum
regime, i.e., C0 > 1. Cyan dots are the experimental data at
Φ = 0.445Φ0 = Φα=0. Purple dots are taken at Φ = 0.264Φ0,
where α 6= 0 and the saturation takes place at lower power.
Black dashed line is the linear fit for the cyan dots in the low-
power region. Inset shows the enlarged view near the origin.
cal optomechanical systems, the resonance frequency of
the optical (or electrical) resonator is directly affected by
the displacement of the mechanical oscillator. Here, in
contrast, the resonance frequency of the MW resonator
is modulated by the current excited by the mechanical
oscillations through the piezoelectric effect, resulting in
the Pockels nonlinearity and the synthetic optomechani-
cal coupling. Figure 1f shows the calculated strength g0
of this artificial radiation pressure interaction. It is of
importance that g0 takes a large value at the flux bias
where α vanishes.
4Figure 2 shows the experimentally determined non-
linearities as a function of the flux bias. We measure
the shift of the MW resonator frequency normalized by
the probe photon number as a function of the flux bias.
The observed self-Kerr nonlinearity changes its sign near
Φ = ±0.5Φ0, as expected. In the inset of Fig. 2a, the
self-Kerr nonlinearity vanishes at Φα=0 ≡ 0.445Φ0. The
relatively large scattering of the experimental data points
are presumably due to the uncertainty in the determina-
tion of the probe photon number in the resonator because
of the strongly flux-dependent MW resonator loss rates
(See Fig. S1 in the Supplementary Information [25]).
To evaluate the strength of Pockels nonlinearity β, we
perform a phonon-to-photon conversion experiment from
the SAW resonator to the MW resonator. Following the
standard optomechanics approach, we linearize the radia-
tion pressure interaction under the red-sideband drive at
frequency ωd. Then the total Hamiltonian at Φ = Φα=0
becomes
Hˆ = ∆aˆ†aˆ+ ωsbˆ†bˆ+ g0
√
nd(aˆ
†bˆ+ aˆbˆ†), (7)
where nd is the average photon number of the drive field
in the MW resonator and ∆ ≡ ωm − ωd is the detuning.
When the drive field is tuned to the red-sideband tran-
sition, i.e., ∆ = ωs, the two resonators are resonantly
coupled to each other. With the red-sideband drive, the
excitation of the SAW resonator is converted to the exci-
tation of the MW resonator, and its output MW power
Pout can be written as
Pout = ~ωmκexns
4C0nd
(1 + C0nd)2
, (8)
where C0 ≡ 4g20/(κΓ) is the single-photon cooperativity
between the SAW and MW resonators, κ and Γ are the
respective total loss rates, and κex is the external cou-
pling of the MW resonator. The intra-resonator phonon
number ns of the SAW resonator is calibrated by the
Stark shift of the MW resonator (See Fig. S5 in the
Supplementary Information [25]). Figure 2b shows the
strength of the Pockels nonlinearity β evaluated from the
observed conversion efficiency. Here we use a weak drive
field which provides a small number of intra-resonator
photons (nd ∼ 0.01) to avoid saturation of the MW res-
onator. The overall behavior agrees well with the theo-
retical prediction.
Finally, we apply a strong red-sideband drive to obtain
a large cooperativity with the artificial radiation pres-
sure. This results in the increase of the effective decay
rate of the SAW resonator, which is called optomechan-
ical damping. Figure 3a shows the spectra of the SAW
resonator in the presence of the optomechanical damp-
ing rate Γopt. The total linewidth Γall of the spectrum is
given by
Γall = Γ + Γopt = (1 + C0nd)Γ, (9)
from which we evaluate the cooperativity C = C0nd.
Figure 3b shows the cooperativity C as a function of
the drive photon number nd at Φ = 0.445Φ0 = Φα=0
and Φ = 0.264Φ0, respectively. Because of the absence
of the self-Kerr nonlinearity, the saturation effect is much
less pronounced at Φ = Φα=0, allowing us to drive the
system as in other optomechanical systems with the ra-
diation pressure interaction. The cooperativity reaches
5 at high drive power. The remaining saturation effect
is presumably due to the higher-order nonlinearities be-
yond the third order. The slope of the cooperativity
for the small drive photon number corresponds to the
single-photon cooperativity C0, which is determined to
be 1.7± 0.1 from the linear fit in Fig. 3. Thus, the single
photon quantum regime C0 > 1 is achieved here. From
this value, the optomechanical coupling strength is eval-
uated to be g0/2pi = 190 kHz, which agrees well with the
calculation shown in Fig. 1f. It is also consistent with the
estimation of β from the peak power of the up-conversion
signal [Eq (6)], which gives g0/2pi = 230 kHz.
We can straightforwardly improve the system by using
a SAW resonator with higher frequency to reduce the de-
tuning from the MW resonator (See Fig. S3b of the Sup-
plementary Information [25]). We can further achieve
the condition g0/κ > 1, where the presence of a single
phonon will shift the resonance frequency of the MW res-
onator by more than its linewidth [26]. It will then allow
for quantum nondemolition measurement of phonon Fock
states and thus observation of quantum jumps between
them [27].
SAW resonators can also be coupled coherently to an
optical system via the opto-elastic interaction [28–30].
Hybrid quantum systems consisting of a SAW resonator
and a superconducting qubit open the possibilities of an
optical access to a superconducting qubit.
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5Method
The parameters in the sample are the following. At
zero flux bias, the resonance frequency of the MW res-
onator is ωm/2pi = 5.98 GHz, and the internal and to-
tal loss rates are 10 MHz and 55 MHz, respectively.
At Φ = Φα=0 ≡ 0.445Φ0, the resonance frequency is
3.85 GHz, the internal loss rate κin/2pi = 3 MHz, and
the external loss rate κex/2pi = 17 MHz. The reso-
nance frequency of the SAW resonator is found to be
ωs/2pi = 785.25 MHz, together with the total loss rate
Γ/2pi = 4.4 kHz. The external coupling rate is designed
to be Γex/2pi = 0.6 kHz. The piezoelectric coupling
strength evaluated from the frequency shift of the SAW
resonator under a strong drive is g/2pi = 6.4 MHz [19].
The strength of the self-Kerr nonlinearity at zero flux bias
is determined as α0/2pi = −13.0 MHz (See the details in
the Supplementary Information [25]).
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7Supplementary information
SAMPLE
The circuit was fabricated on a 500-µm-thick ST-X cut
quartz substrate. The Bragg mirrors, the interdigitated
transducers (IDTs), the nonlinear microwave (MW) res-
onator, and the coplanar waveguides for the external feed
lines were simultaneously patterned in a wet-etching pro-
cess from a 50-nm-thick evaporated aluminum film. The
Bragg mirrors have 750 fingers each. The IDT for the
external coupling has a pair of four fingers, and the IDT
connected to the MW resonator has a pair of ten fin-
gers (Fig. 1g in the main text). All those fingers have a
width and a spacing of 1 µm. The length of the surface-
acoustic-wave (SAW) resonator, the inner distance be-
tween the Bragg mirrors, is 240 µm. The widths of the
Bragg mirrors and the IDTs are 500 µm. The Joseph-
son junctions for the SNAIL are made from Al/AlOx/Al
junctions, which are simultaneously fabricated by the
shadow evaporation technique with the bridgeless resist
mask. The size of the junctions are 150 × 150 nm for the
small one and 300 × 300 nm for the large ones.
Figure S1 shows the resonance frequency and the loss
rates of the MW resonator as a function of the magnetic
flux in the SNAIL loop. Note that the loss rates are pe-
riodically fluctuating depending on the flux bias. The
periodic modulation is presumably caused by the reso-
nant acoustic radiation from the MW resonator. The
internal loss rate κin is divided into the electric loss κe
and the acoustic radiation loss κa from the MW res-
onator. The part of the acoustic radiation is picked up
by the IDT electrode of the SAW resonator, and thus
κa = κcross + κrad, where κcross is the external coupling
rate of the MW resonator though acoustic waves to the
SAW input port (port 3 in Fig. 1a) and κrad is the acous-
tic radiation rate to the environment. Figure S1d shows
the acoustic external coupling rate κcross of the MW res-
onator to the SAW input port (port 3 in Fig. 1a).
NONLINEAR RESONATOR WITH SNAIL
Our SNAIL has a single small junction and two large
junctions. It is shunted with a large capacitor whose
single-electron charging energy EC is estimated to be h×
35 MHz. To determine the Josephson energies in the
device, we fit the flux-dependent spectrum in Fig. 1g and
obtain E′J = h × 47.5 GHz and EJ = h × 163.5 GHz,
respectively. Figure S2 shows the inductive energy U(θ)
of the SNAIL, given by Eq.(1) in the main text, in units
EJ. For Φ 6= 0, the parity symmetry is broken and the
Pockels nonlinearity appears. The inductive energy is
expanded around the minimum at θ0 in a power series of
θ˜ ≡ θ − θ0 as
U(θ˜)/EJ = −
∑
χiθ˜
i. (S1)
The Hamiltonian of this nonlinear resonator in the trans-
mon limit (EJ  EC) reads
Hˆ = 4ECNˆ
2 − EJ
∑
χiθˆ
i, (S2)
where Nˆ is the number operator of the superconducting
electrode connected to the ground via the SNAIL. For
the phase operator θˆ, we omit the tilde for simplicity.
This Hamiltonian can be rewritten with the creation and
annihilation operators as
Hˆ =
(√
16ECEJχ2 − 12ECχ4
χ2
)
aˆ†aˆ
−3EC
(
χ2EJ
EC
)1/4
χ3
χ2
(aˆ†aˆ†aˆ+ h.c.)
−6ECχ4
χ2
aˆ†aˆ†aˆaˆ+O(aˆ5), (S3)
where
aˆ =
(
EC
h2χ2EJ
)1/4(
iNˆ +
√
χ2EJ
4EC
θˆ
)
. (S4)
The Pockels (second-order) and self-Kerr (third-order)
nonlinearities appear in Eq.(S3). This relates the circuit
parameters to the coefficients of the nonlinear terms.
ARTIFICIAL OPTOMECHANICAL COUPLING
The total Hamiltonian of the hybrid system consist-
ing of a nonlinear MW resonator and a SAW resonator
piezoelectrically coupled to each other is described with-
out rotating wave approximation as
Hˆ = Hˆ0 + Vˆ0, (S5)
where
Hˆ0 = ωmaˆ
†aˆ+ ωsbˆ†bˆ, (S6)
and
Vˆ0 = β(aˆ
†aˆ†aˆ+ h.c.) + α0aˆ†aˆ†aˆaˆ,
+g(aˆ† + aˆ)(bˆ† + bˆ). (S7)
The parameters and the operators are defined in the main
text.
By treating Vˆ0 as a perturbation, we find the effective
8R
es
on
an
ce
 fr
eq
ue
nc
y 
(G
H
z)
-0.25 0 0.25
3.5
4.0
4.5
5.0
5.5
6.0
-0.25 0 0.25
0
10
20
-0.25 0 0.25
0
10
20
30
40
50
60
c
ba
- 0.25 0 0.25
0
1
2
3
4
d
FIG. S1: Parameters of the nonlinear MW resonator as a function of the flux bias. a. The resonance frequency ωm/2pi,
b. external loss rate κex, c. internal loss rate κin and d. acoustic external loss rate to the IDT electrode are evaluated from
the spectroscopy at the low-power limit with input-output theory.
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FIG. S2: Inductive energy U(θ˜) of the SNAIL as a function
of the phase difference θ˜ across the small Josephson junction.
The inset shows the circuit model of the SNAIL.
Hamiltonian as
Hˆeff = Hˆ0 +
(
α0 − 3β
2
ωm
)
aˆ†aˆ†aˆaˆ
−
(
gβ
δ
+
gβ
ωm
)
aˆ†aˆ(bˆ† + bˆ)
− gβωs
2ωmδ
(aˆ†aˆ†bˆ+ h.c.)
+
gβωs
2ωm(ωm + ωs)
(aˆ†aˆ†bˆ† + h.c.)
− 2gα0
ωm + ω2
(aˆ†aˆaˆbˆ+ h.c.)
− 2gα0
ωm − ω2 (aˆ
†aˆaˆbˆ† + h.c.)
−2α0β
ωm
(aˆ†aˆ†aˆaˆaˆ+ h.c.), (S8)
where δ = ωm − ωs is the detuning between the MW
and SAW resonators. This calculation is valid when
{ωm, ωs, δ}  {|α0|, |β|, |g|} is satisfied. While the
second term on the right-hand side gives the self-Kerr
nonlinearity, the third term leads to the radiation pres-
sure interaction, and the fourth term introduces Casimir
effect. When α0 = 3β
2/ωm, the self-Kerr nonlinearity
9vanishes, and the effective Hamiltonian is rewritten as
Hˆeff = Hˆ0 − 2gβ
δ
aˆ†aˆ(bˆ† + bˆ), (S9)
with the rotating wave approximation and the large de-
tuning (δ ∼ ωm).
Figures S3a and S3b show the optomechanical coupling
strength g0 and the resulting single photon cooperativity
C0, calculated based on the parameters in the present
device. In Fig. S3a, we sweep the Josephson energy EJ
of the large junctions in the SNAIL. Both g0 and C0
increase as EJ decreases and the nonlinearity increases.
Note that, however, when the Josephson energy of the
large junctions is smaller than twice of that of the small
junction, i.e., EJ/E
′
J ≤ 2, the potential landscape of the
inductive energy of the SNAIL has multiple wells, and the
capacitively shunted SNAIL behaves like a flux qubit. In
Fig. S3b, we look at the dependence on the SAW reso-
nance frequency ωs/2pi. As the SAW resonance frequency
approaches that of the MW resonator, the optomechani-
cal coupling strength g0 becomes larger. Simultaneously,
the small mode volume of the high-frequency SAW res-
onator enhances the coupling strength.
SELF-KERR NONLINEARITY
We characterize the amount of the self-Kerr nonlin-
earity of the MW resonator by measuring the frequency
shift as a function of the probe power. Figures S4a and
S4b show the frequency shift and the saturation of the
absorption in the MW resonator at zero flux bias, re-
spectively. To analyze the result, we solve the master
equation of the resonator with the third-order nonlinear-
ity and fit the experimental data. In the steady state, it
fulfills
i[ρˆ, Hˆfit] + Lˆ[ρˆ] = ˙ˆρ = 0, (S10)
where ρˆ is the density operator of the MW resonator, Lˆ
is the Lindblad superoperator, and
Hˆfit =
√
4AmPmκex/~ωm(aˆ† + aˆ)
+∆aˆ†aˆ+ αaˆ†aˆ†aˆaˆ. (S11)
Here, Am is the attenuation through the input line of the
MW feedline, and Pm is the probe power at the input
port outside the refrigerator. The saturation effect is
highly nonlinear so that we can calibrate the absolute
internal photon number with respect to the applied MW
power. The strength of the self-Kerr nonlinearity and
the attenuation in the input lines are determined from
the fits as α/2pi = α0/2pi = −13.0 MHz and −57.3 dB,
respectively.
STARK SHIFT BY THE SAW EXCITATION
To calibrate the SAW input power, we measure the
Stark shift of the MW resonator induced by the SAW
excitation. Figure S5 shows the Stark shift as a function
of the phonon number in the SAW resonator at zero flux
bias. Here we use the Stark shift per single phonon which
is calculated to be
χs =
2g2α0
δ2
= 2pi × 22 Hz. (S12)
The intra-resonator phonon number of the SAW res-
onator is given as ns = 4AsPs/~ωsΓ, where Ps is the
drive power at the SAW input port outside the refrigera-
tor. From comparison with the experimental result, the
attenuation As along the SAW input line is determined
to be −73 dB including the effect of the external coupling
efficiency of the SAW resonator.
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FIG. S3: Estimation of the optomechanical coupling strength. Blue and red curves show the single photon cooperativity C0
and the strength of the single photon radiation pressure interaction g0, respectively. The Josephson energy EJ of the larger
junctions in the SNAIL and the SAW resonator frequency ωs/2pi are swept in a and b, respectively. Vertical dashed lines
indicate the parameters in the current experiment. Other parameters are set to the values obtained in the experiment.
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FIG. S4: Calibration of the resonator photon number and
the nonlinearity of the MW resonator. a. Frequency shift of
the nonlinear MW resonator as a function of the probe power
represented by the intra-resonator photon number. b. Sat-
uration of the nonlinear MW resonator as a function of the
probe power. The vertical axis shows the minimum values of
the normalized transmission coefficient |S21| at the resonance
of the MW resonator. The Self-Kerr nonlinearity makes the
MW resonator saturated.
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